The unique optical characteristics of noble metal nanostructures have their origin principally in surface plasmon resonances. To exploit and design the unique characteristics arising from plasmons, an investigation of optical field structures adjacent to the nanostructure is of fundamental importance. As the spatial scale of the optical field structures is essentially smaller than the radiation wavelength in resonance with the plasmon, optical imaging methods that achieve spatial resolution beyond the diffraction limit of light are necessary to visualise the fields. In this article, we review the studies of direct experimental visualisation of plasmon resonances using near-field optical microscopy. We briefly describe the method of near-field optical microscopy used to study noble metal nanoparticles and show with several typical single gold nanoparticles that the spatial features of plasmon resonances, in particular the standing wave functions of the plasmons, can be directly visualised by near-field imaging. We then describe our recent efforts to visualise ultrafast dynamics in metal nanostructures following plasmonic excitation, which are based on near-field ultrafast imaging measurements. Another notable aspect of metal nanostructures that has attracted attention recently is the chirality of plasmons. Here, we describe a method and examples of near-field optical imaging and analyses of chiral plasmons excited on metal nanostructures.
Introduction

Plasmon resonances and optical near-field
There exist a large number of conduction electrons in metallic materials, and a collective oscillation of these electrons induces a large oscillating polarisation. The collective oscillations of the conduction electrons are called plasmons. [1] [2] [3] [4] [5] It may be expected that plasmons strongly interact with light because of their large oscillating polarisation. However, plasmons cannot couple with optical fields in bulk metals because of dispersion relations. The wavenumbers of plasmons are always higher than those of light of the same frequency in vacuum, which results in forbidden energy exchange between plasmons and light because of phase mismatch. In contrast, when the size of the metallic material is on the nanometre scale, plasmons sometimes interact strongly with light because long-range phase-matched interaction between the plasmons and light is not necessary. In other words, the plasmon excited on a nanoparticle is not associated with a single wavenumber value but rather with a broadened range of wavenumbers. Thus, the plasmon can be coupled with light if the wavenumber of the light of the same frequency is in that range. 2,6,7 A plasmon that is excited on a nanoparticle is called a localised plasmon resonance and is the origin of the unique optical properties of metallic nanoparticles. The large localised polarisation, which is induced by the collective oscillation of electrons, generates localised optical fields (optical near-fields) in the vicinity of the particle. [4] [5] [6] [7] [8] [9] [10] [11] [12] In contrast to propagating light, near-field radiations do not propagate in space.
To reveal the detailed optical properties of metallic nanoparticles arising from localised plasmons, investigations of optical near-fields near the particles are of essential importance. Although spectroscopic analysis with propagating light partially enables such an investigation, the use of scanning near-field optical microscopy (SNOM) that directly accesses optical near-fields 5, 6, 13, 14 provides far more fruitful information to gain insight into the optical properties of plasmons. In this article, we review studies of direct experimental visualisation of plasmon resonances using near-field optical microscopy, with a particular emphasis on the results obtained in our research group. [15] [16] [17] [18] [19] We first describe the typical optical characteristics of plasmon resonances of noble metal nanostructures and twophoton induced photoluminescence (TPIPL), which serves as a valuable tool for investigating gold nanostructures. Section 2 describes the near-field optical microscopy apparatus the authors constructed, which achieved optical measurements with a spatial resolution beyond the diffraction limit of light.
In Section 3, we then show, for several typical single gold nanoparticles, that the spatial features of plasmon resonances, in particular the standing wave functions of the plasmons, can be directly visualised by near-field imaging. Near-field visualisation of optical fields for assemblies of nanoparticles is then described in Section 4. Dynamic characteristics of metal nanostructures are also of fundamental importance to understand plasmon resonances. We discuss approaches to understand the dynamics of metal nanostructures following plasmonic excitation from a spatio-temporal point of view in Section 5. Brief descriptions of a near-field ultrafast measurement apparatus and typical examples of measurements on gold nanorods are given. In Section 6 we describe a method and examples of visualisation and analysis of chiral plasmons excited on metal nanostructures. Finally, we summarise this article in Section 7.
Spherical nanoparticles
When we treat the polarisability of a spherical particle with a diameter much smaller than the wavelength of light with classical electromagnetism, the following formula can be derived: 3-5 a = 4pr 3 (e À e m )/(e + 2e m )
where e and e m denote dielectric constants of the material of the sphere and the medium (e m = e 0 if the medium is vacuum), respectively. For ordinary dielectrics, the real part of the denominator is always positive. For metals, however, the real part of the dielectric constant is sometimes negative and is strongly frequency (wavelength) dependent; consequently, the denominator can be zero at certain frequencies, which causes a resonance of the polarisability. In this case, the collective oscillation of conduction electrons (i.e., plasmon) induces a large oscillating polarisation on the particle. For instance, this resonance is found at B550 nm for spherical gold nanoparticles when the surrounding medium is water (e m = 1.78). 3- 5 Mie scattering theory, 3,20,21 which is based on classical electromagnetism, provides a general analytical formulation of scattering and absorption of light by spherical particles. Fig. 1a shows a comparison between an experimentally obtained extinction spectrum of a colloidal aqueous solution of spherical gold nanoparticles (diameter B100 nm) and that simulated using Mie theory. 22 The simulated spectrum reproduces the observed spectrum well and shows a resonance peak at B530 nm, which is attributed to the localised plasmon.
Anisotropic nanoparticles: nanorods as typical examples
The optical properties of metal nanostructures depend strongly on their geometrical structures. In gold nanorods, for example, strong resonance extinction bands are observed in the long wavelength region, [23] [24] [25] [26] in addition to the resonance band at approximately 530 nm that is also observed for spherical particles. The resonance at B530 nm is assigned to the transverse plasmon mode where the electrons oscillate orthogonally to the rod axis. The resonance in the longer wavelength ( Fig. 1b) , 15 which shifts further to longer wavelengths with increasing aspect ratio of the rod, is attributed to the longitudinal mode parallel to the rod axis. In a nanorod with a small aspect ratio, a dipolar longitudinal mode (i.e., the lowest order mode), where the oscillation phase of the electrons is uniform over the whole rod, is observed in the long wavelength region. When the resonance peak for the dipolar mode shifts to the infrared region with increasing aspect ratio, a resonance due to another longitudinal mode appears in the visible region. [27] [28] [29] [30] [31] [32] [33] The newly appeared resonance is attributed to a higher-order plasmon mode with nodes along the rod axis, where the electronic oscillation phase depends on the position on the rod. When such a mode is excited, the direction of the polarisation (and consequently the electric field that is induced) alternates along the axis of the rod (as illustrated in Fig. 2 ). 19 In this article the index of the mode m is defined as [(the number of the nodes along the rod axis) + 1]. The dipolar mode corresponds to m = 1.
A mode with an even m value always possesses a node at the centre of the rod, and the direction of the collective electronic oscillation on the left half is opposite to that on the right half. Even m modes are optically forbidden if the rod size is sufficiently smaller than the wavelength of light, or if the incidence of the light is normal to the long axis of the rod. This is because the induced oscillating polarisations on both sides of the centre are in opposite directions, which results in null polarisation as a whole. The resonance frequency of the longitudinal mode becomes higher for larger m and asymptotically approaches the and calculated with Mie scattering theory (dashed curve). 22 (b) Nanospheres (diameter 15-25 nm, dotted curve), nanorods of low aspect ratio (solid curve), nanorods of high aspect ratio (dashed curve). Extinction is normalised at B520 nm. 15 Reproduced with permission from ref. 22 frequency of the transverse mode. 17, 26, 28 The resonance wavelength is always longer than B530 nm. The dispersion of the transverse plasmon mode is very small compared to the longitudinal mode, and thus all the transverse modes, from the lowest dipolar mode to the high m modes, are usually observed at approximately 530 nm in the extinction spectrum of nanorods in water.
Assembled nanoparticles: sphere dimers as typical examples
Relative to isolated particles, different characteristics become apparent when two or more particles interact to form an assembly. The plasmon resonance frequency of the metal nanoparticle splits when particles assemble, because of the interaction between the plasmons excited on the particles. 6, 7 The extent of splitting depends on the interparticle distance, with closer distances resulting in larger splittings.
The most prominent optical property of metal nanoparticle assemblies is the formation of strongly enhanced optical fields in the gaps between the particles. [5] [6] [7] The enhancement occurs in the frequency region near the lower frequency side of the split plasmon resonances. For noble metal nanoparticles such as gold and silver, the electric field amplitude at the gap between the nanoparticles sometimes reaches up to a few thousand times the field in free space. [34] [35] [36] It is believed that surface enhanced Raman scattering (SERS) arises from Raman active molecules in gaps such as these. On the basis of electromagnetic field simulations, numerous studies have been published on the optical field structures in noble metal nanoparticle assemblies. 11,34-37 A typical example is shown in Fig. 3 . 36 When a spherical nanoparticle dimer is irradiated by light, a strongly enhanced optical field is generated in the gap if the incident polarisation is parallel to the interparticle axis of the dimer. The strong field in the gap is not present if the incident polarisation is perpendicular to the interparticle axis of the dimer.
Two-photon induced photoluminescence of gold nanoparticles
Gold has interband transitions in the visible frequency region and shows luminescence arising from electron-hole recombination. [38] [39] [40] This luminescence is usually very weak in the bulk metal. However, the luminescence is relatively strong in nanoparticles, most likely because of enhancement by localised plasmon resonances.
When the plasmon of a gold nanostructure is resonant with the radiation from a Ti:sapphire laser (typically at B800 nm), strong photoluminescence is induced via two-photon excitation with the femtosecond pulses from the Ti:sapphire laser. [41] [42] [43] [44] [45] The mechanism of TPIPL is considered to operate as follows. A sequential two-photon excitation process (whose scheme is shown in Fig. 4 (a)), with the femtosecond pulses resonant with the localised plasmon, excites the gold nanostructure. This process yields an electron in an sp band and a hole in a d band. The eventual recombination of them ( Fig. 4(b) ) gives two photoluminescence bands centred at B650 and B550 nm. 43, 46 The TPIPL from gold nanostructures is conveniently utilised for imaging experiments.
Scanning near-field optical microscope
As mentioned above, oscillating electric fields (optical fields) with characteristic spatial features are generated on metal nanostructures when localised plasmons are excited. However, the spatial scale of the spatial feature is essentially smaller than that of the resonant optical wavelength. Consequently, the structure cannot be imaged directly by conventional optical microscopy because the highest spatial resolution is determined by the diffraction limit of light, which is on the order of the wavelength. Near-field optical microscopy is an optical method that enables a spatial resolution higher than the diffraction limit. 5, 6, 13, 14 To achieve this, an optical field confined to a nanospace in the vicinity of a nanostructured material is used. The near-field microscopic method in current practical use is classified broadly into two types: aperture type and scattering type. Herein, we do not provide a comparison between these two types of methods. In some specific cases, three-dimensional field distributions are also observable by near-field microscopy. 47 For the studies of plasmonic materials described in the following, the authors have adopted aperture-type near-field microscopy. The aperture-type SNOM we constructed 22, 48 is shown schematically in Fig. 5 . An apertured optical fibre probe 6, 13, 14, 49, 50 is installed to generate an optical near-field by introducing light from the other end of the fibre. The sample is irradiated by the near-field radiation from the aperture, and the scattering or the luminescence from the sample is collected and detected. The sample is scanned laterally using a nanopositioner while detecting the intensity of light from the sample to obtain an optical image of the sample. The major polarisation component near the centre of the probe aperture is in the plane of the aperture. We can select an arbitrary in-plane linear polarisation of the near-field by installing suitable polarisation optics before the light is coupled to the fibre.
To obtain the signal to construct near-field optical images, we mainly adopt either one of two methods for optical detection: transmission type measurement or two-photon excitation measurement. For the transmission measurement, a discharge arc lamp or a laser is used as the light source. The transmitted light at the same wavelength as the incident light is detected. [15] [16] [17] [18] 22 For the twophoton excitation measurement, an ultrashort pulsed light source, such as a femtosecond Ti:sapphire laser, is used to excite the sample. [15] [16] [17] [18] 43 The pulse duration at the probe tip was typically B100 fs when the dispersion arising from the optical fibre was appropriately compensated. By detecting the intensity of the TPIPL from the sample, we can obtain the signal of two-photon excitation probability at the incident wavelength. The ultrashort pulsed light source is also used for the near-field imaging of ultrafast dynamics, as described later. In this case, pulses as short as B15 fs at the probe tip were used.
Plasmon-mode standing waves of single metal nanoparticles
As described previously, the longitudinal plasmons of noble metal nanorods show large dispersion, and hence the frequency of the mode depends strongly on its mode index m. In addition, the spatial distribution of the polarisation induced by the irradiation of light on the nanostructure depends on the mode index, and the spatial features of the mode can be visualised by near-field measurements with the radiation of the resonant frequency.
One-dimensional systems: nanorods and elongated rectangular voids
The resonant frequency of the longitudinal plasmon of a nanorod increases (i.e., the wavelength gets shorter) as the mode index m becomes larger. When the near-field optical image of a gold nanorod is recorded, the spatial structure of the standing wave function of the plasmon mode resonant with the incident light is visualised. 30, 42, 43, 46, [51] [52] [53] [54] [55] [56] Fig. 6 shows typical near-field transmission images of a gold nanorod to demonstrate the standing wave structure. 15, 18, 53 In this measurement, the transmitted polarisation component parallel to the rod axis was detected, which enabled visualisation of the longitudinal modes. The observed images show spatially oscillating features along the rod axis, and the wavenumber of the spatial oscillation decreases when the wavelength of observation becomes longer. Similar features are found in standing wave functions for oscillations of one-dimensional strings. This means that the longitudinal plasmon of a nanorod can be described as a pseudo one-dimensional system, and its spatial features were visualised in the near-field image. As described earlier, the plasmon modes of even m values are optically forbidden under the conventional view of macroscopic far-field excitation. However, such modes were clearly observed in the near-field images, indicating that modes with even values of m were optically excited under the near-field irradiation. Because the material is locally excited with a confined light source under the near-field irradiation conditions, the conventional selection rule of optical transition becomes invalid. This is the reason why the even-m modes were observed in the near-field images.
We also observed standing waves of plasmon modes for metal nanostructures that correspond to inverted structures of nanorods on thin metallic films (i.e., elongated rectangular openings, or voids). 57 As with nanorods, standing waves, as determined by the length, width, and thickness of the void, appear near the openings. The observed undulating features of the near-field images are interpreted as the visualised standing waves near the openings.
A similar observation of standing wave modes is also possible by scattering-type near-field optical microscopy. 58, 59 In the scattering type method, the electric field component normal to the sample plane is mainly observed. The phase-sensitive detection of the electric field is relatively easy in a scattering type experiment, and images with electric field phases relative to the incident field were reported. A typical example is shown in Fig. 7 . 59 Because the electric field component normal to the sample plane is detected in this measurement, the image gave intensity extrema at nodal positions of the longitudinal plasmons (Fig. 2) . The electric field direction alternated along the rod (wire) axis for every node, and correspondingly the phase detected with the near-field imaging also alternated.
High spatial resolution imaging of metal nanostructures using advanced electron microscopic techniques, such as electron-energyloss-spectroscopy (EELS) detected transmission electron microscopy [60] [61] [62] and cathodoluminescence detected scanning electron microscopy 63, 64 has been reported from a number of research groups. It has been shown that these electron microscopy based techniques also achieve visualisation of plasmon modes. (An example of this will be given for a circular disk in the following subsection.) In electron microscopy, the focused electron beam yields a localised current that generates an electromagnetic field with a broad spectral range, and this localised electromagnetic field excites plasmons on metal nanostructures. Consequently, the selection rules for plasmon modes are considered to be similar to those of near-field optical measurements, while they are different from far-field measurements with propagating light.
Two-dimensional systems: nanodisks
Two-dimensional metal nanostructures possess plasmonic standing wave modes of two-dimensional geometrical structures. The spatial structures of the standing waves can be visualised by near-field imaging as one-dimensional rods are visualised. The standing wave structures of one-dimensional rods correspond to those of oscillation modes of strings, and a qualitative interpretation of the near-field images was quite straightforward. In contrast, the standing wave structures of two-dimensional systems are comparable to those of membrane oscillations, which are much more complicated than one-dimensional systems. In the past, near-field 65 and far-field 66 two-photon excitation images were reported for triangular and hexagonal nanocrystalline gold platelets, where images obtained were analysed numerically with electromagnetic simulations. It is difficult to interpret the observed images in an intuitive manner, and theoretical simulation is indispensable for their detailed analysis.
As a typical example of two-dimensional systems, we describe here near-field imaging and analysis of gold nanodisks. 67 Fig. 8 shows near-field transmission images of gold nanodisks with a thickness of 35 nm and diameters of 400 and 800 nm. In the image of the 400 nm disk at an observation wavelength of 780 nm, a characteristic feature is found: two extinction extrema aligned along the direction perpendicular to the polarisation of the detected light are observed. We cannot determine solely from the image whether the polarisations at these two lobes are parallel or anti-parallel to one another. Thus, comparison of the image with theoretical simulation is indispensable to assign the feature to an oscillation mode of the disk. In this regard, we analysed the observed images based on a recently developed theoretical framework, [68] [69] [70] [71] [72] which is an extension of Mie scattering theory. The images simulated with this theory semi-quantitatively reproduced the observed images. From the analysis we clarified that the polarisations at the two lobes observed for the 400 nm disk are parallel to one another.
Imaging the plasmons on metal nanodisks by an electron microscope based technique was also reported. 73 Fig. 9 shows a typical example for EELS-detected electron microscope images of a metal nanodisk. A ring-shaped feature was observed, which corresponds to an orientation average of the near-field image with the two lobes described above. The orientation average was observed in the EELS image because the polarisation direction was not defined with the electron beam. This result shows that the electron microscope based imaging gave information on plasmon modes that was consistent with that obtained by near-field imaging.
Efficient conversion from optical near-field to propagating light by plasmon excitation
Propagating light can excite localised plasmons on metal nanostructures, and the plasmons generate localised optical near-fields in the vicinities of the nanostructures. This suggests that a metal nanoparticle has the potential to convert optical near-fields to propagating radiations, as would be expected from reciprocity. A unique phenomenon of metal nanoparticles that arises from this property was observed for gold nanodisks. 74 Fig. 10 shows near-field transmission spectra of gold nanodisks using a near-field probe with an aperture diameter of B100 nm. The spectrum was measured at the centres of the disks. In this figure, the horizontal line of unity transmittance corresponds to the intensity of light passing through the aperture probe on the bare glass substrate. Because the probe aperture diameter was B100 nm and the distance from the disk surface to the aperture was 20-30 nm, the disk with a diameter of 150 nm or larger completely covers the aperture. However, the transmittance substantially exceeds unity in the longer wavelength region than the plasmon resonance of the disk. This demonstrates that the transmission intensity from the probe aperture becomes stronger when the disk blocks the aperture, which is counterintuitive. Similar effects were also found for gold nanospheres 22 and gold-coated dielectric sphere resonators. 75 This anomalous transmission phenomenon was successfully reproduced semi-quantitatively by a simple theoretical model calculation that incorporated scattering of optical near-field at the aperture to the propagating radiation. The result indicates that the noble metal nanoparticles, as typified by nanodisks, mutually convert optical near-fields and propagating fields very efficiently. This property of nanodisks is potentially important when plasmon resonances are utilised to enhance the efficiencies of photo-energy or photochemical conversion processes.
Optical field distributions in metal nanoparticle assemblies
When two or more metal nanoparticles are assembled with a suitable interparticle distance, coupled plasmon modes of the assembly are excited and strongly enhanced optical fields localised in the gaps between the particles are generated when the sample is irradiated by light because of interparticle interactions. 11, [34] [35] [36] [37] 76, 77 In some cases, the enhancement of the optical field intensity (i.e., squared amplitude) is considered to be as high as 10 6 -10 7 . The major origin of SERS is believed to be the molecules that lie in the gap sites of the assemblies, where strong enhancement of the scattering field is expected. 11, [34] [35] [36] [37] [76] [77] [78] [79] [80] [81] Visualisation of the enhanced optical fields serves as a basis for clarifying the mechanism of the enhancement and is also beneficial for application purposes. However, the spatial scales of the enhanced fields are much smaller than the optical wavelength, which prevents visualisation of the field structures by conventional optical microscopy. To address this issue we sought to visualise the localised optical fields by the use of near-field optical microscopy.
Enhanced optical fields in spherical nanoparticle assemblies
As a typical example, a near-field two-photon excitation image of dimeric gold nanospheres (diameter 100 nm) is shown in Fig. 11 . [82] [83] [84] High photon densities were observed at the interstitial sites between the particles when the incident polarisation was nearly parallel to the interparticle axes of the dimers.
In contrast, only a small enhancement of the field was observed for isolated particles and dimers whose orientations were perpendicular to the incident polarisation. The observed result is consistent with the spatial structure of the enhanced fields predicted by electromagnetic theory. 11, [34] [35] [36] [37] 76, 77 Thus, the image can be interpreted as a visualisation of enhanced optical fields. It was also shown by comparing near-field two-photon excitation images and near-field Raman excitation images of the same dimers that the enhanced optical fields make major contributions to SERS. Recently, the enhanced optical fields for dimeric nanostructures of gold were also observed using a scattering near-field microscope with a spatial resolution higher than 10 nm ( Fig. 12) . 85 The observed image shows a highly confined optical field along the interparticle axis. Spatial structures of enhanced optical fields were also visualised for one-dimensional arrays 86 and two-dimensional monolayered assemblies 87-89 of spherical gold nanoparticles. Model analysis of the results indicated that the characteristic features of their field structures arised from the interparticle plasmonic interactions (or, in other words, the propagation of the localised plasmons in the assemblies). 90 
Assemblies of circular voids on thin metallic films
Ripples of localised plasmons are induced on the metal thin film around the aperture when an aperture opened on a thin metallic film is irradiated by light. [91] [92] [93] This plasmon excitation generates a localised optical field in the vicinity of the aperture, which is similar to what occurs in a metal nanoparticle. Like the nanoparticle assemblies that yield enhanced local optical fields, arrays of apertures on a thin metallic film have the potential to confine optical fields. Fig. 13 shows near-field twophoton excitation images of linear arrays of circular apertures on gold thin films. 94 We find localised optical fields at positions between the circular apertures in these images when the incident polarisation is parallel to the array. These features may also be utilised for the purpose of localising the optical fields.
Dynamics of plasmon excitations
The characteristics of plasmons are closely related to their dynamic properties, and many time-resolved studies have been devoted to revealing the dynamics of plasmonic materials. The dynamics of plasmons are of fundamental importance in applications of plasmonic materials. 23, [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] For instance, when plasmonic materials are used as components of optical communication devices, knowledge about the plasmon dynamics is indispensable to attain higher throughput. From this viewpoint, ultrafast measurements of metal waveguide structures and coherent control of plasmonic field with pulse shaping technique were conducted. A typical example is shown in Fig. 14. 108 In this work, deterministic control of the plasmonic field was attempted for a metal wave guide structure having one port of light incidence and three output ports. The incident waveforms were controlled to yield Fourier transform limited plasmon pulses at the targeted output ports.
In the application of plasmons to photo-energy or photochemical conversions, knowledge about the plasmon dynamics is again necessary to enhance the efficiency of the target process relative to various other competing processes. From this perspective, we performed ultrafast near-field optical measurements of gold nanoparticles to directly analyse the correlation between dynamics and the spatial characteristics of the plasmons.
Relaxation processes following plasmon excitations
The localised plasmon on a noble metal nanoparticle is excited immediately following photoirradiation, and the initial (ground) state is recovered after various relaxation processes of different timescales. 109 Plasmon resonance is the collective oscillation of conduction electrons, and it is thus damped by the dephasing (and photoemission) process. The rate of dephasing depends on the dielectric nature of the constituent metal and the shape and size of the nanostructure. The typical dephasing time of a gold nanoparticle plasmon in the visible to near-infrared frequency region is a few fs to B20 fs. 110 After the dephasing of the plasmon, the particle undergoes transition to electronically excited states involving specific electrons, 98 and then to a thermal pseudoequilibrium state as a result of electron-electron scattering. 23, 96, 97, 111 The excess energy is gradually distributed to lattice vibrations and other degrees of freedom on the sub-picosecond timescale to yield a thermal equilibrium for the particle. 23, 95, 97, 98, 112, 113 Finally, the system, including the bath, recovers the initial equilibrium state in pico-to nanoseconds. Because the unique properties of the plasmons arise from the resonance state prior to dephasing, time-resolved measurements with a resolution higher than 20 fs are necessary to obtain information on the essential dynamics of the plasmons.
Method of ultrafast near-field measurements
For ultrafast measurements, particularly with a time resolution higher than B10 fs, the equal pulse correlation method, 114, 115 in which one ultrashort pulse is divided into two pulses of nearly equivalent characteristics, is widely adopted. The divided pulses are incident on the sample as the pump and probe pulses after the optical delay line between the two pulses. In our near-field ultrafast measurements, 48, 51, 116, 117 the pump and probe beams were generated using a Michelson interferometer and collinearly coupled to the optical fibre to irradiate the sample from the probe aperture. Regarding the signal to construct the images, we detected either transient transmission changes of the optical intensities after they passed through the sample or TPIPL from the gold sample. By recording the signal as a function of delay time between the pump and probe pulses, the time-resolved signal at a position of the probe tip was obtained. Finally, we obtained time-resolved near-field optical images by performing this measurement at each position on the sample.
Because the optical pulses pass through quite long dispersive media (such as optical fibre) in the near-field microscopes, the pulse duration at the probe aperture is exceedingly broadened when very short optical pulses are used. To compensate for the dispersion effects arising from the optical components, passive dispersion compensation devices (such as a grating pair) 118 were used, which were adjusted to yield the optimum pulse width at the probe aperture. 48, 51, 116 In the time-resolved experiments with a time resolution of nearly 10 fs, a pulse shaping technique using a spatial phase modulator is sometimes introduced, 119,120 in addition to the passive dispersion compensation devices. In our group, we achieved a pulse duration of B15 fs at the probe aperture with this method.
Dynamics in gold nanorods following photoexcitation
As mentioned previously, thermal processes following plasmon dephasing are observed by time-resolved measurements with a 51 Near-field transient transmission images in the sub-picosecond regime after plasmon excitation showed a characteristic spatially oscillating feature along the rod axis. 121 Based on a model analysis, we found that the feature is caused by distortion of the plasmonic standing wave function that follows the electronic temperature rise after photoexcitation.
Time-resolved measurements with a time-resolution on the order of 10 fs have the potential to allow observation of the dynamics before the dissipation of plasmons. Thus, we performed ultrafast near-field measurements using the TPIPL detection for gold nanorods. 122, 123 We found a plasmon dephasing time that was nearly independent of the position on the rod when the light pulse excites only one resonant plasmon mode on the rod. In contrast, when the spectrum of the light pulse covered two or more plasmon resonances, the observed dynamics were dependent on the position (Fig. 15 ). This phenomenon occurred because of the broad nature of the ultrashort pulse, which made a multi-mode coherent excitation possible. The transient near-field image showed features that varied with the delay time between the pump and probe pulses. This result can be explained as a result of the plasmon wave packet propagation after coherent excitation of multiple modes.
Observation of chiral plasmons
Chirality and optical activity in two-dimensional systems A molecule shows optical activity when it has a chiral geometric structure (i.e., if the molecule is not identical to its mirror image). 124, 125 In a similar way, a two-dimensional nanostructure fixed on a plane shows optical activity when it possesses twodimensional chirality (i.e., the geometry does not superimpose on its mirror image in the plane). It was recently demonstrated for chiral noble metal nanostructures that optical activities stronger than those for molecules were observed at wavelengths resonant with their plasmons. [126] [127] [128] [129] [130] It has also been reported that the detection sensitivity of the optical activity signals from some chiral molecules is enhanced enormously when the molecule is placed near a chiral metal nanostructure. 131, 132 Theoretical studies noted that achiral metal nanoparticles potentially enhance the optical activity signals from molecules. 133 It is expected that optical fields with enhanced optical chirality 134 are generated in the vicinity of noble metal nanostructures at the wavelengths of plasmon resonances, [135] [136] [137] [138] which are considered to be the major origin of the strong optical activities.
To investigate the mechanisms of these phenomena and to design and exploit such chiral optical fields, analyses of the spatial distributions of local optical activity on the nanostructures and the resonant plasmon modes must be highly informative. From this point of view, we have developed an apparatus for near-field circular dichroism measurements that achieves imaging of local optical activity with a spatial resolution on the order of nanometres, and have analysed the local optical activity of a few prototypical twodimensional gold nanostructures.
Method of near-field measurements of local optical activity
Sub-micrometre imaging of local optical activity based on a far-field nonlinear optical method was reported for noble metal nanostructures. [139] [140] [141] [142] For example, the chirality of plasmonic excitations on gold nanostructures was studied based on a far-field second-harmonic imaging method with circularly polarised light ( Fig. 16 ). 142 In this case, variation of the chiral optical field distribution with a change of nanostructures and/or their structural parameters was visualised and analysed. A few reports have been previously published on near-field measurements of circular dichroism (CD), 143, 144 but the technique was not applied to local optical activities of metal nanostructures. Recently, we developed an apparatus with higher detection sensitivity of CD signals while maintaining a 100 nm (or higher) spatial resolution. [145] [146] [147] [148] This design enabled a closer approach to the CD of metal nanostructures than has previously been made possible.
Our CD imaging method is based on the combination of aperture type near-field optical microscopy and the circular polarisation modulation method adopted in most conventional CD spectrometers. 149 A beam from a monochromatic linearly polarised light source (laser) is passed through a photoelastic modulator (PEM), which modulates the light periodically between left-and right-handed circular polarisations at a repetition rate of several tens of kilohertz. This light was incident on the gold nanostructure sample through a microscope objective. The transmitted radiation was detected with the near-field aperture probe near the sample nanostructure following its interaction with the sample, and its intensity was recorded. Lock-in detection of the signal synchronised with the polarisation modulation by the PEM provided the summation and difference of the transmission intensities for the left-and right-handed circular polarisations. We obtained the CD signal (i.e., the absorbance difference between the left-and righthanded circular polarisations) at the probe position. We can construct a near-field CD image by collecting the local CD signals at every lateral point of the sample. Because of the inherent characteristic of PEMs, there is a possibility that linear dichroism (LD) signals commingle with the CD signals. When necessary, a rotating half-wave plate was inserted before the polarisation-modulated light becomes incident on the sample to suppress the commingling of the LD signals.
CD imaging of chiral and achiral gold nanostructures
We studied a two-dimensional ''S''-shaped gold nanostructure and its mirror imaged structure fabricated on a glass substrate with the electron-beam lithography lift-off method. [145] [146] [147] Prominent CD signals on the order of 10 À3 in absorbance units were observed in the macroscopic CD spectra of these samples measured with a propagating light, and the signs of the signals for ''S'' and mirrored ''S'' were mutually inverted. 146 Fig. 17 shows near-field CD images of S-shaped and its mirrored counterpart gold nanostructures of the same sizes, and the profiles of the CD signals along the curves of the structures. Positive and negative signals coexisted in the single S-shaped structures (i.e., the signal oscillated along the curves), and the extremal values of the signals were on the order of 10 À1 , which is roughly two-orders of magnitude stronger than the signal strength recorded for the macroscopic measurements. The line profiles of the CD signals were approximately symmetric with respect to the centres of the structures, and the profiles for ''S'' and mirrored ''S'' were anti-phase to one another. This indicates that the distribution of the local CD signals correctly reflected the symmetry of the nanostructure.
The local CD signals observed in the images were found to be much stronger than the macroscopic signals, which may be caused by cancellation of the major part of positive and negative signals coexisting in the nanostructure. Conversely, it may be suggested that nanostructures giving only small macroscopic CD signals (or even null signals, as mentioned below) potentially yield strong local CD signals. This situation may be relevant to the theoretical prediction of large optical chirality in the vicinities of metal nanostructures. [136] [137] [138] Such locally large chirality of optical fields in metal nanostructures may provide valuable insight for designing nanostructures to detect molecular chirality. [131] [132] [133] To investigate the factor(s) that causes the local optical activity of chiral metal nanostructures, we decomposed the ''S''-shaped structure into two ''C''-shaped partial structures and measured the variation of the CD signals as the two ''C''-shaped structures approached one another. 147 We fabricated a series of nanostructures with varying distance between the two ''C'' structures to form a mirrored ''S'' structure, as shown in Fig. 18 . The CD signal at the central part of the system (i.e., the connecting region of the two ''C'' structures) was found to increase as the two ''C''-shaped structures became closer, and the signal increase began before the two ''C'' structures were in physical contact. This result indicates that the development of the optical activity with approaching partial structures originated from longrange electromagnetic interactions and not from electronic exchange between the partial structures. A detailed theoretical investigation is necessary in future studies to clarify the mechanism of this interaction.
Both positive and negative CD signals were observed locally in single ''S''-shaped gold nanostructures, as mentioned before. The ''S''-shaped structure is chiral in the two-dimensional plane and gives a macroscopic CD signal. However, we also found experimentally that even a highly symmetric achiral twodimensional nanostructure gives positive and negative local CD signals. 148 Fig. 19 shows a near-field CD image of a gold rectangle (310 nm L Â 170 nm W Â 50 nm T ) observed at 633 nm. The macroscopic CD signal of this gold nanostructure was null within the experimental uncertainty, which is consistent with the conventional selection rule of CD. However, positive and negative CD signals coexisted in the inner part of the rectangle in the near-field CD image in a similar fashion to the ''S''-shaped structure case. The CD signal extrema were on the order of 10 À1 . Both the positive and negative signals were symmetrically distributed with respect to the centre of the rectangle, which correctly reflected the symmetry of the system, and the amplitudes of the positive and negative signals were approximately equal. Consequently, the integrated signal value over the entire structure was nearly null, which is consistent with the macroscopic CD signal. Note that the local chirality and local optical activity discussed here are for a single nanostructured material with a fixed geometry and is essentially different from what is found for racemic mixtures.
These results indicate that the conventional selection rule of optical activity of molecules and materials, or the correspondence between the chirality and the optical activity, is not valid for local optical activity of nanostructures. This is interpreted to arise from the local geometrical chirality. To illustrate, when one stands at the upper left or lower right corner and faces the inner direction of a rectangle, the long and short sides become the right-and left-hand sides, respectively, whereas at the lower left or upper right corner, they become the left-and right-hand sides, respectively. The upper left (or lower right) and the lower left (or upper right) corners are mutually mirror-imaged and cannot be superposed to one another, which means that the corners are locally chiral.
The possibility of local optical chirality for achiral nanostructures was previously discussed based on theoretical simulations. 137, 138 In the present study, the local optical activity of achiral nanostructures has been experimentally demonstrated by measuring the CD signals with a 100 nm level spatial resolution beyond the diffraction limit. The result reminds us to be careful when applying the conventional selection rule of optical activity used throughout the field of spectroscopy. At the same time, it suggests a possible novel method of chiral molecular detection. It has now become manifest that both chiral and achiral gold nanostructures show locally strong CD signals. However, the plasmon modes that yield the optical activity and the mechanism for this process are not yet sufficiently clear and require additional study.
Concluding remarks
We have described that scanning near-field optical microscopy is sometimes very useful to visualise the spatial structures of optical fields arising from plasmon resonances, and that some plasmon fields are understandable only by visualising their structures. Visualisation of nanoscale optical fields will continue to be a valuable tool for studying the optical characteristics of metal nanostructures and their application. The combination of near-field microscopy and various modern spectroscopic techniques may also provide additional information and extend the research field. Ultrafast measurements and optical activity in the near-field regime described above are examples of such combinations. The design of nanoscale optical field structures and enhancement based on plasmon resonances of metal nanostructures has the potential to introduce revolutions in photochemistry, photophysics, and relevant application studies. Additionally, it may have an impact on various research fields and their applications, including highsensitivity chemical analysis, novel photochemical reactions, photofabrication processes, photoenergy conversion, material conversion, and so forth. The rational design of these materials is also anticipated to influence photophysics and its applications, and the study of bioimaging. As a basis to promote such applications, visualisation of optical fields induced by plasmon resonances may serve as a fundamental and essential methodology.
As for the development of theoretical methods to analyse the experimentally obtained results, the present situation is not sufficient in view of treating realistic moderately complex systems. One of the facts that make the theoretical treatment of near-field data difficult is that the system for measurement is in close proximity to the sample system and can electromagnetically interact with the sample. Progress of theoretical frameworks, including useful model construction for near-field measurements, is highly desired to enable the accurate analysis of experimental data with practical computing resources.
